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All types of micrephones are discussed and the functioning of their transducer elements 


is cxplained, 


0 INTRODUCTION 


A microphone is an electroacoustic device containing 
a transducer. which is actuated by sound waves and 
delivers essentially equivalent electric waves [1]. An 
example of a transducer actuated by sound waves which 
fails to conform to this definition is the Rayleigh Disc, 
which converts the energy of sound waves into me- 
chanical] torque |2]. 

The classes of microphones are pressure, pressure 
gradient (velocity), combination pressure and pressure 
gradient, and wave interference. The electrical response 
of a pressure microphone results from pressure varia- 
tions in the air. The directional (polar) pickup pattern 
is omnidirectional (nondirectional) because sound 
pressure ts a scalar quantity. which possesses magnitude 
but no direction. The electrical response of a velocity 
microphone results from variations in the particle ve- 
locity of the air. The polar pattern is bidirectional (cosine 
or figure of eight) because particle velocity is a vector 
quantity. which possesses magnitude and direction. 
The electrical response of the combination pressure 
and pressure- gradient microphone is also proportional 
to the particle velocity. The polar pattern may be car- 
dioid. by percardiond. or similar Cosine-functien limacon 
shape. and may be fixed or adjustable 

A particular class of microphones may include one 
of the following ts pes of transducers: carbon. ceramic. 
condenser. moving coil. inductor. ribbon, magnetic, 
electronic, or semiconductor. 

The functioning of various types of microphones is 
described in this paper by reference to the equivalent 


*Prosented at the 2nd ALS International Conference. An 
aherm. California, 1984 May 11-14 


$14 


circuits of the acoustical and mechanical systems. The 
mechanical cquivalent circuit is considered, for sim- 
plicity, when the discussion involves mathematical 
equations. In other instances. the discussion omits 
mathematics, and the acoustical network affords the 
clearest illustration of operating principles. Table 4.3 
in Olson |3, pp. 86-87] lists analogous electrical, me- 
chanical and acoustical quantities with the pertinent 
units, 


1 PRESSURE MICROPHONES 
1.1 Carbon Microphone 


A carbon microphone depends for its operation on 
the variation of resistance of carbon contacts. The high 
sensitivity of this microphone is due to the relay action 
of the carbon contacts. It is almost universally used in 
telephone communications. This is because the high 
sensitivity eliminates the need for audio amplification 
in a telephone set. Restricted frequency range. distor- 
tion. and carbon noise limit the application of the carbon 
microphone in other than voice communications ap- 
plications. 

Atypical single-button carbon microphone and clec- 
tric Circuit are Shown in Fig. 1. The carbon transducer 
consists of a contact cup filled with carbon granules. 
which are usually made from anthracite coal ||]. The 
granules make contact with the electrically conductive 
diaphragm via the contact button on the diaphragm. 
The diaphragm is frequently made from a thin sheet of 
aluminum alloy. The periodic displacement of the dia- 
phragm causes a variation in mechanical pressure ap- 
plied to the carbon granules. This results in a periodic 
Variation in electric resistance from the diaphragm to 
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ahere 

e = de voltage of bias source 

h = constant of carbon element, ohms per centi- 
meter 

x = amplitude of diaphragm, centimeters 

w = Inf 

f = frequency, hertz. 


The useful audio output is, of course, the ac com- 
ponent of E,. Eq. (1) may be expanded [3, p. 248] to 
show that the ac component consists of harmonics at 
f. 2f, ..., which means that the carbon transducer 
has intrinsic distortion. For a limited frequency range 
of reproduction, the distortion is not objectionable. 

The large second-harmonic distortion component may 
be eliminated by use of two carbon buttons in push- 
pull. The double-button microphone is described in [3, 
pp. 251-253]. It was used in the 1920s for broadcasting, 
but was replaced by condenser, ribbon, and dynamic 
microphones. Although the double-button microphone 
has a wide-range frequency response and low distortion, 
it and the single-button types suffer from carbon com- 
paction and carbon noise. These effects mean that the 
signal-to-noise ratio or dynamic range of the microphone 
is variable. Repeatability of frequency response, sen- 
sitivity, and noise measurements of carbon microphones 
is very poor. 

For improved performance in telephone and speech 
communications, carbon microphones are being re- 
placed by dynamic, magnetic, and electret condenser 
microphones, which have built-in amplifiers. These 
amplifiers are powered by the direct current normally 
provided by the communications equipment for carbon 
microphones. These ‘‘carbon replacements” may offer 
noise-canceling features as well as improved frequency 
response and low distortion and noise. They are offered 
as replacement cartridges for telephone handsets, in 
replacement handsets, in hand-held microphones, and 
in headsets. 


1.2 Piezoelectric Microphone 


The piezoelectric microphone contains a transducer 
element which generates a voltage when mechanically 
deformed. The voltage is proportional to the displace- 
ment in the frequency range below the resonance of 
the element. Rochelle salt crystals were used prior to 
1960. but were sensitive to humidity and heat. Newer 
ceramic materials such as barium titanate and lead zir- 
conate Utanate are more resistant to environmental ex- 
tremes and have replaced the Rochelle salt cystals. 
There are two general classifications of ceramic mi- 
crophones: direct actuated and dhaporayn actuated, 
Directly actuated transducers consis’ of stacked arrays 
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pes y fC fsa UO saurd cells. these re now 
ebyarete, ord dre described nn [3. pp 728 240! where 
as also reported that a directly actu i od microphone 
was constructed with a barium titanate element, but 
the sensitivity was low, 

Fig. 2 shows the most common construction in use 
today for a ceramic microphone. The element is mounted 
as a cantilever and actuated by the diaphragm via the 
drive pin. The diaphragm is frequently made from thin 
aluminum sheet, although paper or polyester film may 
also be used. The impedance of thé ceramic microphone 
is Capacitative, on the order of 500-1000 pF. This per- 
mits use of a short length of cable with only a small 
loss in output level. The advantage of the ceramic mi- 
crophone is that the output voltage is sufficient to drive 
a high-impedance input of an amplifier directly. The 
frequency response (with a very high input resistance) 
is uniform from a very low frequency up to the trans- 
ducer resonance, which may be situated at 10 000 Hz 
or higher. The sensitivity and the frequency response 
are stable with time and over a wide range of temperature 
and humidity. The cost is relatively low. Therefore the 
ceramic microphone was widely used with tube-type 
home tape recorders and low-cost communications 
equipment. With the advent of solid-state equipment, 
low-impedance microphones are needed, and the ce- 
ramic microphone has been replaced by inexpensive 
moving-coil (dynamic) microphones or electret con- 
denser microphones. They have integral field-effect 
transistor (FET) preamplifiers which convert their output 
to low impedance. 
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Fig. 1. Carbon microphone and electric circuit. (Courtesy 
of Shure Brothers, Inc.) 
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Fig. 2. Ceramic microphone. (Courtesy of Shure Brothers, 
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crophore hes been des coped for hearing aids [4]. The 
novel construction includes a thick-film pres wioplifier 


which lowers the impedance of the microphone so that 
noise pickup in the cable is reduced, and the merophone 
impedance is suituble for driving a solid-state amplifier. 
More recently this microphone has been superseded by 
an electret unit with integral preamplificr with the same 
very small size.{5). 

A recent development is the piezoelectric diaphragm 
transducer. A thick or thin film of the polymer poly- 
vinylidenefluoride (PVF2) may be processed to forma 
piezoelectric element. Similar to the ceramic element, 
it must be provided with plated-on output terminals. 
There is much in the current literature about the ap- 
plication of PVF, in underwater sound. Joscelyn et al. 
[6] describe a smal] noise-canceling (pressure-gradient) 
microphone employing a PVF, diaphragm which is 
partially plated with nickel-chromium. The diaphragm 
is tensioned accurately by a device which is the subject 
of the patent. This is necessary to raise the diaphragm 
resonance to a high frequency, similar to a ceramic 
element. 


1.3 Electrostatic (Condenser) Microphones 


1.3.1 Condenser Microphone Operating 
Principles 


A condenser microphone depends for its operation 
on variations in its interna] capacitance. Fig. 3 shows 
the capsule of an omnidirectional pressure-sensing 
condenser microphone [7]. Condenser microphones are 
divided into two classes: externally polarized (air con- 
denser) or prepolarized (electret condenser). The func- 
tion of the polarizing voltage, or its equivalent, is to 
translate the diaphragm motion into a linearly related 
audio output voltage, which is amplified by a very- 
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Fig. 3. Condenser pressure microphone and mechanical net- 
work, (From Rasmussen [7].) 
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epho bar tence FET or tube preamplifier, which must 
be located close to the capsule. Alternately, the ca- 
pacitance variation may be used to frequency modulate 
an RF oscillator. but this scheme will not be discussed. 

The diaphragm of this microphone is 4 thin membrane 
of nickel which is spaced about 0.00] in (25 pm) from 
the back plate. Since the electroucoustical sensitivily 
is inversely proportional [Eq. (4)} to the spacing d, 
specia] measures must be taken to prevent this distance 
from changing due to temperature. The laboratory-grade 
microphone of Fig. 3 is almost entirely made of nickel 
and nickel alloys and has nearly constant sensitivity 
from 20 to 150°C. 

The performance may he determined by consideration 
of the mechanical network (Fig. 3). The resonance is 
placed at the high end of the usable frequency range. 
The back plate air load includes mass My, compliance 
Cp, and resistance Rg. Mz and Cg plus the diaphragm 
mass Mp and compliance Cp determine the resonance 
frequency. Rg provides damping of the resonance. Be- 
Jow resonance frequency, the microphone is stiffness 
controlled (reciprocal of compliance) and only Cp and 
Cp appear in the circuit. 

The open-circuit output voltage E is given by [3, pp. 
253-257], [8]: 


E = d Xx, x= a (2) 
where 

Ey = polarizing voltage (or equivalent voltage for 

electrets) 

d = spacing from diaphragm to back plate, meters 

x = diaphragm displacement, meters 

x = diaphragm velocity, meters per second 

w = Inf 

f = frequency, hertz. 


The velocity is given by 


F PA 


2 CAUICa a 1G) se 
where 

F = force on diaphragm, newtons 

P = sound pressure on diaphragm, newtons per 
Square meter 

A = area of diaphragm, square meters 

Z = mechanical] impedance of system, mechanical 
ohms. 


The output voltage is obtained by combining Eqs. 
(2) and (3), 


E= ——— Oe ___ (4) 


This means that, below resonance, the response is 
independent of frequency. 
The polarization field strength for most condenser 
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inthe diaphragm, and the resulting corrusion behind 
the diaphragm eventually may short-circuit the trans- 
ducer, Normally, impulsive noise is caused by humidity, 
which can be eliminated by desiccation. Fredericksen 
et al. [9] recommend the use of foam windscreens for 
protection in damp or corrosive environments. 


1.3.2 Electret Microphone 


The simplest type of electret microphone is the 
charged diaphragm type. This is illustrated in Fig. 4. 
The spacing between diaphragm and back plate is ex- 
aggerated for clarity. Fig. 5 shows a schematic of the 
foil] electret with the electric charge distribution illus- 
trated. The electret foil is selected as a compromise 
between good electret properties and good mechanical 
properties as a diaphragm. Polymer materials such as 
polyacrylonitrile, polycarbonate, and some fluoric resins 
are examples of suitable plastic films used as electret 
diaphragms. 

There are several methods of making an electret, and 
exact details are kept as trade secrets by the manufac- 
turers. Typically, one side of the plastic film is coated 
by vacuum sputtering a conductive metal such as alu- 
minum, gold, or nickel. The thickness of the coating 
is about 500 A (50 nm). The film is then heated and 
charged with a high de potential, with the electret- 
forming electrode facing the nonconductive side of the 
film [10]. A well-designed electret capsule will retain 
its charge and exhibit nearly constant sensitivity for 
10 years, and it is predicted that it will take 30 to 100 
years before the sensitivity is reduced by 3 dB. 

These plastic foil electrets generally will not stand 
the tension required to obtain the high resonant fre- 
quencies commonly employed in externally polarized 
microphones. One solution is to reduce tension and 
Support the diaphragm at many points by means of a 
grooved back plate (Fig. 6). This and other schemes 
used to increase stiffness lead to short-term instability 
{9}. 

Therefore the charged diaphragm electret generally 
does not possess the extended high-frequency response 
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Fig. 4. Typical design of electret capsule with .surged foil 
diaphragm. (From Fredericksen et a! [9).) 
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- otto. colenser microphone. Its great 
advanteg. os thai t can be made very cheaply by au- 
tumated oisnufacturing inethods. 

An improved form of electret transducer is the ‘back 
clectret™ or charged back plate design [9]-[11]. Fig. 
7 shows a simplified cross section of a typical design. 
(Dimensions are exaggerated for clarity. This is a pres- 
sure-gradient microphone, to be discussed later on.) 
The diaphragm is a polyester film such as Mylar,* ap- 
proximately 0.0002 in (5 pm) thick. This is an ideal 
material and thickness for a diaphragm. The diaphragm 
is coated on one or both sides with a thick film of gold 
or other metal. The electret is made of a fluoric film 
such as Teflon,* which must be at least 0.001 in (25 
pm) thick to form a stable electret. This electret is 
placed on the back plate, which must have a conducting 
surface to form the “high” output terminal. The electret 
element is charged similarly to the charged diaphragm 
electret. Since the electret does not function as a dia- 
phragm, the material and thickness are chosen as op- 
timum for high sensitivity and stability. The diaphragm 
to back plate (electret) spacing is the same as for the 
air condenser, approximately 0.001 in (25 pm). The 
equivalent polarization potential is 100-200 V, which 


* Teflon and Mylar are trademarks of E. I. DuPont de 
Nemours and Co., Inc. 
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Fig. 5. Positions of charges for space charge electret when 
electret is an integral part of the diaphragm. Frozen charge 
and charge on back plate produce the field in the air gap that 
is necessary for microphone operation. (From Fredericksen 
et al. [9].) 
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Fig. 6. Principle used by some manufacturers to obtain suf- 
ficiently high resonance frequency of plastic diaphragms 
having low creep stability. (From Fredericksen et al [9},) 
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A mcsstiing ‘nicrophone imust po sess caccptional 
stability and resistance to conesive cavironments. The 
back electret concept poruits a metal diaphragm to be 
used. The Jaboratary- grade microphone developed by 
Rasmussen is identical to the metal diaphragm air con- 
denser of Fig. 3, except that an electret is placed on 
the back:plate.. | 

Thus -the back electret microphone is essentially 
identical to the air condenser save for the electret ele- 
ment on the back plate. This means that the capsule is 
actually more costly to make than an air condenser. 
This cost is offset by the savings involved in the omission 
of a high-voltage power supply for polarization. 
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Fig. 7. Back electret capsule. (From Kubota |10].) 


1.3.5 (. ‘naser Microphone Trequency 
Response 


This discussion, although about a condenser micro- 
phone. apphes in principle to all pressure microphones. 

Fig. 8 shows the frequency response curves of the 
Western Electric 640-AA4 condenser microphone. This 
is un ANS] type L laboratory microphone having a 
nomina] 1]-in (25-mm) diameter. It is similar to the 
Brue} & Kjaer microphone of Fig. 3, except that the 
latter is a newer design, which eliminates the cavity 
in front of the diaphragm. The 640-AA is illustrated 
in Beranek [13]. It was the preferred calibration standard 
at the National Bureau of Standards for many years. 

The ‘‘pressure”’ response is the frequency response 
to a constant sound pressure on the diaphragm. This 
response can be very precisely measured by NBS by 
the closed-coupler reciprocity method {2}. This curve 
shows that the diaphragm resonance is approximately 
critically damped. The difference between the pressure 
response and the perpendicular incidence response 
(called the *‘free-field correction’) depends only on 
the geometry of the microphone and is carefully mea- 
sured on a typical microphone. The perpendicular in- 
cidence response for a particular microphone is com- 
puted by adding the free-field correction to the pressure 
response. The parallel incidence response is similarly 
computed. Not shown is the random incidence response, 
which is the response to randomly directed sound, such 
as that in a reverberation chamber. The random inci- 
dence response follows the general trend of the pressure 
response. The 640-AA microphone has essentially fiat 
pressure or random incidence response (to 10 000 Hz), 
which is called for in ANS] standards for laboratory 
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Fig. 8. Frequency responses of Western Electric 640-AA microphone, (After [12].) 
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ew Opbones aid send lercimeters, B- rast die 
international stardards require hese. craphoies to 
have a flat response to sounds of perpends afar incidence 
(“flat for free field’). The response can be varied by 
changing the duraping adjustment or the configuration 
of the protective grid. Therefore most manufacturers 
today offer both versions to satisfy both standards, For 
the calibration of sound sources used in testing micro- 
phones, the IEC type is universally used. The free- 
field correction, being a function of diameter, vanishes 
(below 20 000 Hz) as the microphone diameter becomes 
smaller than 0.50 in (12.5 mm). 

Pressure microphones used for sound and commu- 
nications systems are generally larger than 1 in (25 
mm) in diameter, but need only have speech range 
response (200-6300 Hz). These may have moving- 
coil, magnetic, or ceramic transducers. They are gen- 
erally designed to have a rising axial response char- 
acteristic, which means that the off-axis and pressure 
responses tend to be flat. If the axial response if flat- 
tened, the off-axis response is rolled off, speech sounds 
muffled, and system intelligibility is reduced. In con- 
trast, microphones smaller than | in (25 mm) in diameter 
do not suffer when designed for flat axial response. 


1.3.4 Boundary Microphone 


Recently Long and Wickersham patented [14] what 
they call the “pressure recording process” and a device 
that positions a conventional microphone very close 
to a plane surface such as a floor. This has given rise 
to a number of products which basically function as 
shown in Fig. 9. A miniature electret microphone is 
spaced about (0.04 in) (1 mm) from a large reflecting 
plane. A conventional microphone, which is situated 
above the floor, receives the direct sound wave plus a 
reflected wave from the floor. It suffers from dips in 
frequency response, at the frequency where the spacing 
is One-quarter wavelength, and its harmonics, as the 
reflected sound wave interferes with the direct sound 
wave. When the spacing is reduced to about (0.04 in) 
(1 mm), the null frequency moves far above the audible 
range. Therefore in actual use, the boundary microphone 
does not suffer from the “comb filter” series of dips 
in frequency response. The system has, in essence, a 
directional gain of 6 dB due to pressure doubling at 
the reflecting plane; for example, the reflected wave is 
in phase and adds to the amplitude of the direct wave. 
This results in a hemispheric pickup pattern where the 
90° response (direction parallel to the plane) is 6 dB 
down with respect to the 0° or perpendicular incidence 
response. Complete test data are reported in Sank [15]. 

A suitable transducer for the boundary microphone 
of Fig. 9 is the subminiature electret microphone de- 
veloped by Killion and Carlson [5]. It incorporates an 
integral solid-state preamplifier. It is ideal for a floor- 
mounted microphone because it has extremely low vi- 
bration sensitivity. This type of microphone element 
is molded into a plastic housing which is fastened to a 
smal} metal plate in the commercial product described 
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ie phe ou i. ated acoustical performance, 
the ill plate p ost, of course, be placed on a much 
harper plane surface, 

In many applications it is desirable for a boundary 
microphone to be more directional. For instance. the 
rear portion of the hemispherical pattern may pick up 
audience noise when the microphone is mounted on a 
stage floor. Bullock and Woodard [16] have described 
a directional boundary microphone where an electret 
element with cardtoid directivity is mounted close to 
a surface, with the principal pickup axis parallel to the 
surface. 


1.3.5 Probe Microphone 


For sound pressure measurements in very small 
spaces, a condenser microphone may be fitted with a 
smal]-diameter probe tube, as shown in Olson [3]. This 
introduces a high-frequency response rolloff plus dips 
and peaks. The latter may be reduced by acoustic 
damping in the tube. The damping may be porous poly- 
urethane foam or similar material, or the tube may be 
packed with pieces of music wire. Alternately a very 
small capillary tube may be used as a probe which has 
very high acoustic resistance due to the small diameter. 
The need for a probe microphone in measurements is 
less today because condenser microphones as small as 
0.125 in (3 mm) are available. 

Commercial magnetic microphones have been fitted 
with small probe tubes for convenient use on lightweight 
telephone and radio communications headsets that are 
mounted on the ear or on eyeglass frames. Ceramic or 
dynamic microphones may be fitted with plastic probe 
tubes for diagnostic testing of machinery. 

The term ‘‘probe microphone” has also been applied 
to pressure microphones which are small in diameter 
but relatively long. 


1.4 Electrodynamic Microphones 


1.4.1. Moving-Coil (Dynamic) Microphone 


Across section of a moving-coil microphone cartridge 
is shown in Fig. 10, and the complete microphone as- 
sembly in Fig. 11 [17]. The diaphragm, which is made 
of Mylar polyester film 0.00035 inches (9 pm) thick, 
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Fig.9. Boundary microphone principle. Dimensions in mul- 
limeters. 
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fe ae ote impedance microphone inputs of 150- 
400 QO ¢Vder © icrophene coils were on the order of 
5 209 resistance and required a stepup matching 
transformer in the microphone case. Thus the modern 
moving-cou microphone will drive standard bipolar 
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Fig. 10. Dynamic moving-coil pressure microphone cartridge (RCA type BK-16A). 
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integrated circuits directly. The coupler (Fig. 10) fits 
closely to the diaphragm to provide mechanical pro- 
tection without frequency discrimination. The cartridge 
is shockmounted in the case of Fig. 11, which includes 
a foam filter screen for dirt and breath “pop” protection. 
(The author developed this microphone; the parameter 
values are from memory.) 
The voltage induced in the voice coil is given by 


E = By (5) 


E = open-circuit voltage, volts 

B = air gap flux density, webers per square meter 
/ = Jength of conductor in air gap. meters 

x = velocity of coil, meters per second. 


This shows that the microphone wil] have uniform 
E with respect to frequency if the coil velocity is uniform 
with frequency. The mechanical resonance of the coil 
and diaphragm (measured in a vacuum) is about 800 
Hz. If not well damped, the coil velocity will peak at 
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acoustic resistance of the? 6? mping ring «atthe 
resulting respense ts uniform from 40 to 20 000 Hz. 
The coil motioa is then said to be resistance controlled. 
The case volume is sufficient to support this extended 
low-frequency response. In older microphones, it was 
necessary to add a vent tube inside the case, possibly 
as long as 4 in (10 cm). This provided a sort of bass- 
reflex action where the mass of the air in the tube res- 
onates with the compliance of the air in the case. This 
resulted in extended low-frequency response, and was 
known as a Thuras tube, being incorporated in the fa- 
mous Western Electric “eight-ball” microphone, which 
was developed in the 1930s by Wente and Thuras [2]. 


1.4.2 Inductor Microphone 


Olson [3, p. 263] shows the RCA design, now ob- 
solete, where a straight metal conductor is molded into 
a plastic diaphragm which positions the conductor in 
a magnetic air gap. These microphones were used in 
broadcasting and sound systems for many years, pri- 
marily for speech reproduction. This operated according 
to the acoustical principles of the moving-coil dynamic 
microphone described in the preceding section. 

A new printed ribbon microphone has been developed 
[18]. The moving system consists of a flat polyester 
film diaphragm with a printed-on spiral aluminum rib- 
bon. It is different from the linear inductor microphone 
above because the capsule operates according to the 
principle of the ribbon velocity microphone. The man- 
ufacturer states that the back of the capsule may be 
enclosed by a damped cavity to form an omnidirectional 
microphone. However, they do not presently offer a 
pressure microphone version, and [18] does not mention 
it. Therefore we choose to classify the printed ribbon 
microphone as a pressure-gradient type (see Sec. 2). 


1.4.3 Ribbon Pressure Microphone 


The ribbon transducer is discussed in Sec. 2 because 
it is a pressure-gradient (particle velocity-sensing) de- 
vice. It is included in this section because an omni- 
directional (pressure-sensing) ribbon microphone was 
developed by Olson 35 years ago [3, p. 268] and is 
shown in Fig. 12. The back of the ribbon transducer, 
which would be open to the atmosphere in a velocity 
(bidirectional) microphone, is terminated in an acoustic 
Jabyrinth. The labyrinth, to save space, consists of a 
cylinder which has many holes drilled or cast in the 
axial direction. Slots are cut or cast between holes, 
thus forming a folded pipe which is much longer than 
the microphone itself. This damped pipe must present 
a constant acoustical resistance over the useful fre- 
quency range of the ribbon, so it is lightly packed with 
tufts of felt or ozite. The front side of the ribbon is 
terminated in a small pipe to form an unobtrusive in- 
terview-type microphone. The end of the pipe is flared 
to a horn shape which accentuates the response above 
5000 Hz. This microphone was used for many years 
in television broadcasting, but was replaced by dynamic 


J Audio Eng Soc, Ve N .7°8. 1985 July August 


sovatg con microphones. 


1.5 Magnetic Microphone 


A magnetic microphone is shown in Fig. 13 and 
consists of a diaphragm, drive pin, and magnetic as- 
sembly. The magnetic assembly includes a magnet, 
pole pieces, coil, and moving armature. The mation 
of the armature results in a corresponding variation in 
magnetic flux through the coil. This flux variation in- 
duces a voltage in the coil in accordance with Faraday '‘s 
law: 


dd 
E= -N-— 
dt (6) 
where 
E = open-circuit voltage, volts 
N = number of turns in coil 
ob = flux in coil, webers 


Olson [3, pp. 271-275] shows that dé/dt is propor- 
tional to x, the velocity of the armature. Similar to the 
moving coil, flat frequency response requires that the 
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Fig. 12. Cross section of ribbon-type pressure microphone, 
(From Olson [3, pp. 271-275).) 
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1.6 Vacuum Tube and Solid-State Electronic 
Microphones 


1.6.1 Vacuum Tube Microphone 


The vacuum tube microphone (Fig. 14) is an ampli- 
tude-sensing transducer which consists of a diaphragm 
and drive pin enclosed in a housing. It is a special 
vacuum tube, called the mechanoelectronic transducer. 
The tube has a movable anode which modulates the 
flow of electrons. Olson {3, pp. 271-275] shows the 
equations for the amplitude with respect to frequency. 
Due to the complicated mechanical network, uniform 
amplitude of diaphragm motion and flat frequency re- 
sponse seem to have been difficult to obtain. The mi- 
crophone of Fig. 14 was never developed as a com- 
mercial product. 


1.6.2 Transistor and Semiconductor 
Microphones 


An experimental transistor microphone is described 
in Sikorski [19] and is shown in Fig. 15. The sapphire 
indenter is fastened to the diaphragm and applies stress 
to the emitter region of the transistor. The output is 
taken from the collector. with suitable de biasing of 
the transistor. The reasons for the stress sensitivity of 
transistors is not easily explained. The frequency re- 
sponse of the microphone was very nonuniform. The 
output was adequate to drive an amplifier, but the signal- 
to-noise ratio was only about 40 dB. This microphone 
was not commercialized. 

A semiconductor microphone was developed by 
Grover and Wood [20] and produced by Euphonics 
Corporation as a hand-held, close-talking communi- 
cations microphone. The frequency response is smooth 
from 100 to 1000 Hz, then peaks at 2500 Hz. This 
microphone appears to have been intended as a carbon 
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Fig. 14. Vacuum tube microphone. (From Olson |[3, pp. 27] - 
275].) 
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picrophops oplacement. The semiconducter <’ - nt 
was a twister silicon transducer element which was 
supplied by Endevco Corp. De bias was applied to the 
element, which modulated the current flow. This 1s 
said to be a piezoresistive microphone. 

A tunnel diode microphone was developed by Rogers 
et al. [21] and is shown in Fig. 16. This microphone 
functioned in two ways. First, it functioned as a pie- 
zoresistive element where the applied stress modulates 
the applied direct bias current. Second, by adding some 
inductors and capacitors, the diode was made to oscillate 
at about 30 mHz with FM audio modulation. However, 
the carrier frequency was subject to much drift. 

The frequency responses of this microphone were 
wide ranging, but there were many ragged peaks in the 
1000-5000-Hz region. The signal-to-noise ratio was 
about 40 dB. This microphone has not been commer- 
cialized. 


1.6.3 Infegrated-Circuit Microphone 


The piczoresistive microphone developed by Sank 
[22] is shown in Fig. 17. The transducer is a directly 
actuated strain gauge bridge deposited on a silicon chip. 
The chip was originally intended as a pressure trans- 
ducer. This microphone is different from other solid- 
state microphones in that no diaphragm is used. As a 
result of this simple construction, it was possible to 
obtain a flat frequency response from 20 to 20 000 Hz, 
comparable to a laboratory condenser microphone of 
similar size (0.3 in, 7.6 mm). The signal-to-noise ratio 
was not sufficient for even a close-talking microphone, 
but was satisfactory for the intended application, which 
was headphone measurements. Presumably the maxi- 
mum input sound pressure level capability was very 
high, but experiments along this line were not con- 
ducted. Development work was discontinued when the 
headphone measurements were completed. Presumably 
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Fig. 15. Transistor microphone. (From Sikorski |19].) 
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Fig. 16. Direct-contact tunnel diode microphone assembly. 
(From Rogers et al. {21].) 
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to electrets because of the high-impedance unbalanced 
circuitry involved, plus potential humidity and tem- 
perature problems. The silicon pressure transducers 
are designed to resist liquids and have a wide temper- 
ature range. 


2 PRESSURE-GRADIENT (VELOCITY) 
MICROPHONES 


2.1 Bidirectional Ribbon Microphone 


A sectional view of a ribbon velocity microphone 
(RCA type BK-11A) developed by Sank and described 
by Olson [23] shown in Fig. 18. This microphone has 
an air gap 0.125 in (3.2 mm) wide with a flux density 
of 6500 G (0.65 Wb/m’). The ribbon is made from 
pure aluminum foil weighing 0.56 mg/cm’. This cor- 
responds to a thickness of 0.000082 in (2 pm). The 
ribbon is 1.4 ins (36 mm) long and corrugated trans- 
versely, as shown. Magnetic fine-mesh steel screens 
are on both sides of the ribbon to provide resistance 
damping of the ribbon and dirt protection. The ribbon 
resonance is approximately 30 Hz. The ribbon is sol- 
dered to the clamp after assembly and tuning. Soldering 
has no effect on tuning when done properly. Without 
soldering, in several years the microphone impedance 
may rise and eventually result in an open circuit at the 
ribbon. The 0.2-O ribbon impedance is stepped up to 
30/150/250 2 by the transformer. The reactor and switch 
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Fig. 17. Integrated-circuit microphone. (a) Simplified sketch of chip. appros:mately 0.08 by 0.15 in (2 by 3.8 mm). (b) 
Schematic of chip. (c) Details of microphone assembly (From Sank [22]). 
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at 10 000 Hz with corresponding reduction in sensitivity. 


The elements of the complete equivalent mechanical 
circuit (Fig. 18) are Ry and Af,. the mechanical re- 
sistance and mass of the air load on the ribbon, imposed 
by the damping screens, Mp and Cp, the mass and com- 
pliance-of the ribbon; and Mg and Rg, the mass and 
mechanical resistance of the slits formed by the ribbon 
to pole piece clearance, which is nominally 0.005 in 
(125 pm). Above resonance, the circuit is simplified 
as shown, and the ribbon velocity is given by 


a a (7) 
jo(Mp + Mz) 
where 
x = ribbon velocity, meters per second 
(P, - P2) difference in sound pressure (pres- 
sure gradient) between two sides of 
ribbon, newtons per square meter 
Ar = area of ribbon, square meters 
Me = mass of ribbon. kilograms 
M, = mass of the airload acting on ribbon, 
kilograms 
w = Inf 
t = frequency, hertz. 


The driving sound pressure gradient (P,; — P2) ata 
given frequency is proportional to the size of the baffle 
formed by the magnet structure. The ribbon to pole 
piece clearance forms a “leak” which, if excessive, 
will reduce sensitivity. To maintain a constant ribbon 
velocity with mass contro] per Eq. (7), the pressure 
gradient must increase linearly with frequency. The 
open-circuit ribbon voltage is given by 


E = Bix (8) 
where 

E = open-circuit voltage, volis 

B = air gap flux density, webers per square meter 

/ = length of ribbon, meters 


ribbon velocity, meters per second. 


i 


x 


At zero frequency the pressure gradient is zero. At 
the frequency where the path length around the baffle, 
from the front to back of the ribbon, corresponds to 
one-half the sound wavelength. the pressure gradient 
departs from a linear characteristic to 65% of the value 
needed for a constant ribbon velocity. Al the frequency 
where the path length equals one wavelength. the pres- 
sure gradient is zero. Fig. 19 shows the resulting £ 
versus frequency for an idea] microphone, applicable 
to the region wel] above ribbon resonance. A practical 
microphone may have small] ripples in response in the 
region just above resonance frequency, plus dips or 
peaks at high frequencies duc to pole piece shape or 
transverse resonances of the ribbon. 
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Fig. 18. Ribbon velocity microphone (RCA type BK-11A) 
and mechanical networks. 
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Fig. 19. Computed open-circuit voltage response frequency 
characteristic of pressure-gradient mass-controlled electro- 
dynamic microphone. (From Olson [23).) 
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“son describes a mictophone nit fur on 
loudspeakers that has esscntiilly uniform respors. and 
directivity from 20 to 20 000 Hz. Olson notes that the 
pattern in the vertical plane at high frequencies shows 
some sharpening, but this is not a serious problem for 
pickup of sound sources in the horizontal plane. A 
pressure condenser microphone of analogous quality 
must be less than 0.5 in (12.5 mm) in diameter. Un- 
fortunately, for sound reproduction purposes, the sen- 
sitivity of both of these is too low. 

A compromise solution is found in the contempordry 
ribbon velocity microphone (Beyer M130) shown in 
Fig. 21. The head diameter is only 1.5 in (38 mm). 
The magnetic assembly is extremely small but efficient. 
The two ribbons are electrically in parallel and make 
use of most of the space and magnetic flux available 
in the air gap. The ribbons are corrugated longitudinally 
for most of their length, but a few conventional trans- 
verse corrugations are formed near the ends to provide 
compliance. This ribbon, while very difficult to make, 
can potentially solve several problems as compared to 
the conventional ribbons with transverse corrugations: 
(1) The rigid central portion resists twisting, sagging, 


pee ome the pole pieces. (2) With the more 
myid rbben. the pole piece to ribbon clearance may 
be reduced, thus increasing sensitivity. (3) The short 
length of transverse corrugations may reduce the need 
for laborious manual stretching and tuning, and may 
greatly reduce the downward drift of tuning with time. 
(4) The longitudinal corrugations may reduce or elim- 
inale transverse resonances which produce small dips 
and peaks in frequency response above 8000 Hz. (5) 
The short length of the ribbon makes the polar pattern 
in the vertical plane more uniform with frequency. 
How much sensitivity is adequate for an electrody- 
namic microphone? This is easy to calculate by first 
assuming that the microphone impedance is 250 0, 
resistive. 250 1 is a handy value because the dBm 
sensitivity rating is equal numerically to the dBV rating. 
The dBm rating is the power output level in decibels 
with respect to mW that would theoretically be obtained 
if the microphone were operated into a matched load 
with a sound pressure input of 1 Pa (94 dB SPL) (1 N/ 
m’). Similarly, the dBV rating is the open-circuit voltage 
of the microphone in decibels with respect to | V with 
a sound pressure input of | Pa. The latter rating cor- 


Fig. 20. Directional characteristics of pressure-gradient microphone as a function of dimensions and wavelength. The polar 
graph depicts output, in volts, as a function of angle, in degrees. The maximum response is arbitrarily chosen as unity. (From 


Olson [23].) 
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Fig. 21. Beyer M130 bidirectional dynamic ribbon micro- 
phone. (Courtesy of Beyer Dynamic Inc.) 
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responds to the real world, where microphones are op- 
erated into a relatively high impedance. Sank [24] dis- 
cusses microphone ratings and measurements. 

The thermal noise of a 250-/O resistor in a 15 000- 
Hz bandwidth is calculated by Sank [25] to be — 132 
dBV. A typical noise figure for a modern solid-state 
mixer is 4dB, which means an equivalent input noise 
voltage of ~ 128 dBV. Therefore fora 250-2 electro- 
dynamic microphone, the mixer noise exceeds the mi- 
crophone noise. A good condenser microphone (Shure 
SM-81) has an unweighted equivalent noise level of 
26 dB SPL, with the A-weighted value 16 dB. If we 
demand similar performance from an electrodynamtc 
microphone, let ~ 128 dBV equal the microphone output 
for a 26-dB SPL input. The output (sensitivity rating) 
at 1 Pa (94 dB) will therefore be - 60 dBV. 
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Olson's ideal upon ph ne bed a SST EL at 74 
dBV-Pa, which is obviously much too Jow. The RCA 
BK-TIA microphone has a sensitivity of - 56 dB/Pa, 
which is more than adequate. The Beyer M130 sensj- 
tivity of ~ 59 dBV/Pa is minimal but adequate, 

Most ribbon microphones have Jow magnetic hum 
sensitivity because the ribbon circuit is easily designed 
to be “humbucking.” Ribbon microphones have the 
lowest vibration sensitivity because the moving mass 
is very low. (The printed ribbon of the following section 
may have high vibration sensitivity because of the re]- 
atively massive diaphragm.) Wind sensitivity of all 
microphones, as Olson stated on many occasions, is 
“proportional to electroacoustical sensitivity,” so rib- 
bon microphones, contrary to popular belief, are not 
inherently wind sensitive. To the contrary, microphones 
such as the RCA BK-S5B and Beyer MS00 incorporate 
efficient blast fillers. The latter microphone, with its 
accessory foam screen, resists “popping” by very close 
and loud vocalists. Most of the catastrophic ribbon 
failures observed by the author seem to have been caused 
by checking of microphones or lines with ohmmeters 
or continuity checkers. Connecting a ribbon microphone 
to a condenser microphone line with A-B powering can 
also produce the same effect: the ribbon is blasted out 
of the gap. 


2.2 Printed Ribbon Microphone 


A new type of inductor microphone has been devel- 
oped which is called a “printed ribbon” type [18]. It 
is shown in Fig 22. The diaphragm is made of 0,0002- 
in (4-p.m) polyester film upon which is printed a spiral 
nibbon of aluminum 0.0008 in (20 pm) thick. The un- 
conventional magnetic structure includes two ring 
magnets in front of the diaphragm and two in the back. 
Like poles face each other so the magnetic lines of 
force lie parallel to the diaphragm. Thus axial motion 
of the diaphragm causes the ribbon to cut lines of force, 
which induces a voltage in the ribbon, according to 
Eq. (6). The magnetic structure is symmetrical on both 
sides of the diaphragm, so that the transducer capsule 
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Fig. 22. Printed ribbon microphone capsule. (Courtesy of 
Fostex Corporation of America.) 


526 


eparates acccid cg tothe principle of the velocity mi- 
crapbone (Sec. 2.1). This requires a mass conirelled 
transducer with the resanance at the lover end of the 
useful frequency range. The printed ribbon disphragm 
resonance is in the region of 50-100 H7. The resonance 
cannot be as Jow as for a ribbon because of the relatively 
high stiffness of the diaphragm. Therefore the response 
of the printed ribbon microphone is somewhat limited 
at low frequencies. Bidirectional and unidirectional 
types are available, and the frequency responses are 
generally uniform from 70 to 15 000 Hz. Sensitivity 
of the bidirectional mode) is quite high, ~52 dBV/Pa, 
but this value is somewhat inflated due to the 600-9 
impedance. These microphones are recommended for 
voice and pickup of individual musical instruments. 


3 COMBINATION PRESSURE AND PRESSURE- 
GRADIENT MICROPHONES 


3.1 Unidirectional Microphone Operating 
Principles 


3.1.1 Combining the Polar Patterns 


Fig. 23 illustrates graphically how the outputs of a 
bidirectional and a nondirectional microphone trans- 
ducer may be mixed to obtain three unidirectional polar 
patterns. Actually, there are an infinite number of uni- 
directional patterns which may be obtained. The three 
patterns shown are: hypercardioid, cardioid, and li- 
magon, from left to right. The energy responses to 
random sounds (such as room noise and reverberant 
sound) are also shown, relative to the nondirectional, 
which is assigned a value of unity. Note that the bi- 
directional] and cardioid have exactly the same response, 
but the hypercardioid is superior to both of them in 
discrimination against random sound. Quite a few uni- 
directional microphones produced today are hypercar- 
dioids, but the cardioid remains the most popular. The 
limagon is not as popular, and so to obtain this pattern, 
a microphone with variable directivity is needed. An 
alternate way to obtain.a unidirectional pattern is by 
using a single transducer with an appropriate acoustical 
phase-shifting system. Some single-transducer micro- 
phones have a mechanically variable delay system so 
that the pattern can be varied from bidirectional to 
cardioid to nondirectional. 


3.1.2 Frequency Response as a Function of 
Disiance 


The low-frequency response of the velocity micro- 
phone is accentuated when the distance between source 
and microphone is Jess than a wavelength. This happens 
to a lesser degree with the unidirectional microphone. 
Olson [3, pp. 293-297] shows the equations. Fig. 24 
shows Olson’s curves for the velocity and unidirectional 
microphones. If the curves for zero degrees are plotted 
to a decibel scale, it turns out that the slopes follow 
linear 6-dB per octave characteristics. The unidirec- 
tional curves exhibit a corner (+3 dB) frequency which 
is one octave higher than those of the velocity micro- 
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the distance is halved. Therefore for each distance. a 
simple fe sistance Capacitance rolloff equalizer cun be 
designed to provide flat response. This se-called 
“proximity effect’? pertains to all pressure-yradient 
(velocity) and combination pressure und pressure -gra- 
dient (unidirectional cardiotd) microphones to the same 
degree. These characteristics are essentially invariant 
between models.of microphones. The exception to these 
rules is the variable-distance unidirectional microphone 
(Sec. 3.4.6), which has a reduced ‘proximity effect. 


32 Goal Clenierit Unidirectional Microphones 
3.2.1 Dual-Ribbon Unidirectional Microphone 


The dual-ribbon unidirectional microphone (RCA 
type 77-B) was developed by Olson [3, p. 29]] and is 
shown in Fig. 25. A common magnet structure is em- 
ployed for both velocity and pressure sections. The 
ribbons for both sections are formed from one contin- 
uous ribbon. Therefore the air gap and ribbon dimen- 
sions and the flux density are identical for both sections. 
A very long folded pipe provides nearly constant 
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Fig. 24. (a) Relative voltage output of a velocity (or pressure-gradient) microphone as compared to a nondirectional pressure 
microphone for distances of 1, 2, and 8 ft (0.3.0 6. and 1.5 m). (b)- (d) Relative voltage output of a unidirectional microphone 
as compared to a nondirectional pressure microphone for dist inces of 1, 2. and § ft (0.3, 0.6 and 1.5 m) and for various 
angles of incident sound. (From Olson [3. pp 293~297]. 
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3.2.2 Ribbon and Moving-Coill Polydirectional 
Microphone. 


Fig. 26 shows the Western Electric 639B microphone. 
The switch provides six mixing ratios of the outputs 
of the transducer units, and six polar patterns: bidi- 
reclional, nondirectional, two cardioid patterns, and 
two hypercardioid patterns [26]. According to Olson 
electric equalizers are incorporated to correct the am- 
plitude and phase of the dynamic eJement to equal that 
of the velocity element. 


3.2.3 Dual-Diaphragm Condenser 
Polydirectional Microphone 


Eargle [27] gives a complete explanation of the 
workings of the dual-diaphragm polydirectional mi- 
crophone transducer. Fig. 27 shows the basic scheme 


which is used in nearly all dual-diaphragm microphones. 


The vibrating system consists of two diaphragms, 
each spaced a small distance from the back plate, similar 
to the pressure microphones of Sec. 1.3. The space 
behind each diaphragm provides acoustical resistance 
damping as well as acoustical capacitance (stiffness). 
The cavities behind the diaphragms are interconnected 
by small holes in the back plate. The phase shift in 
this system plus the variable electrical polarizing system 
make possible the variety of directional patterns shown 
in Fig. 27. 

With switch position 1, the diaphragms are oppositely 
polarized, and the transducer has a bidirectional pattern. 
This may be deduced by observing that sound incident 
at 90° or 270° will produce equal but oppositely phased 
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Fig. 25. Unidirectional microphone with screen removed. 
Ribbon-type pressure and velocity elements. 
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vutputs from cach diaphragm, and thus the net voltage 
utput is a null. 

With the switch at position 5, the diaphragms are 
similarly polarized, and the outputs are in phase at all 
angles of incidence, resulting in an omnidirectional 
paticrn. At intermediate switch settings, a variety of 
unidirectional patterns are obtained, as in Fig. 27. Note 
that at switch setting 3, a cardioid pattern is obtained 
with maximum polarizing voltage Eg on the front dia- 
phragm and 0 V onthe back diaphragm. The unenergized 
diaphragm and the acoustical capacitance and resistance 
of the back plate form a phase shift network similar to 
the rear sound aperture of a single-element unidirec- 
tional microphone, to be discussed in Sec. 3.3. 

The frequency response of the polydirectional mi- 
crophone will be flat and the polar pattern uniform with 
frequency, if the diaphragms are carefully matched 
and the resistance elements are the controlling acoustical 
impedances. Similar to the velocity microphone, 
acoustical characteristics deteriorate as the frequency 
approaches that where the path length from front to 
back approaches a wavelength of sound. A diameter 
of 0.5 in (12.5 mm) maximum js required for uniform 
directional characteristics to 15 000 Hz. However, the 
axial frequency response of a ]-in (25-mm) diameter 
polydirectional microphone can be made uniform to 
20 000 Hz, so some uniformity of polar pattern is ofien 
traded for the higher sensitivity and lower noise level 
which are obtained with the larger diaphragm trans- 
ducers. 


3.2.4 Twin Cardioid Element Polydirectional 
Condenser Microphone 


The dual-diaphragm polydirectional condenser mi- 
crophone may be thought of as a superposition of two 
single-diaphragm cardioid microphones (Sec. 3.3) back 
to back. Fig. 28 shows how two cardioid capsules placed 
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Fig. 26. Ribbon and moving-coi] unidirectional microphone 
(Western Electric 639B). (From Tremaine [20}.) 
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“hack to back will function as a polye e Vunal io: 
phone. Similir to the dual J-aphragm Gansducer the 
front t-ansducer has maximum polarizing voltage ky 
at all times, and maintains cardioid response with max- 
imum sensitivity. The voltage on the rear transducer 
is varied down to zero and upto + Ep, the same as in 
the dual-diaphragm transducer, The same polar patterns 
are obtained. Likewise, the same effect can also be 
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Fig. 27. Dual-diaphragm condenser polydirectional microphone (a) Exploded view (Courtesy of AKG Acoustics.) 


(b) Principle of operation. (Adapted from Eargle [27].) 
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! individual aodic outputs in the 


od by Wises 
ti -us amplitude ratios and polarities, 

This polydirectional microphone obviously has the 
most uniform acoustical properties in the cardioid mode, 
because only one transducer is involved. In the other 
modes, the spacing between capsules, which may be 
0.4-1,2 in (10 -30 mm), comes into play, and the polar 
characteristics at high frequencies become nonuniform. 
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3.3 Sing'e-Efement Unidirectional Vicrp. Jos 
3.3.1 Ribbon Polydirectional Miciaphone 


A single-element nibl on polydirectional wicrophone 
(RCA type 77 DX) is shown in Fig. 29. The ribbon is 
located between the pole pieces of a relatively large 
horseshoe magnet. The flux density is 13 000 G (13 
Wb/m*), which results in high sensitivity in all modes 
of operation. The vertical tube behind the magnet leads 
to a damped pipe (acoustic line) in the central body of 
the microphone. The acoustic line has a developed 
length of about 3 ft (1 m) and is lightly packed with 
ozite so as to provide a constant acoustical resistance 
to the ribbon over a wide frequency range. The vertical 
connector tube is D shaped in cross section and has a 
long narrow slot which opens to the rear. This slot is 
covered with an organdy screen, which is inside the 
tube. The rotary shutter varies the effective size of the 
slot or rear sound opening. This provides six polar 
patterns by means of a detent, but the actual number 
of available patterns is infinite. The shutter is shown 
at the bidirectional] setting with the slot fully uncovered. 
When the shutter is rotated 60° counterclockwise, the 
slot is fully covered, and a nondirectiona] pattern is 
obtained, An additional 60° rotation results in the slot 
being about 10% uncovered, which yields a cardioid 
pattern, 

The simplified acoustical equivalent circuit of the 
microphone (Fig. 29) consists of the following elements: 


Mp = inertance (acoustical mass) of ribbon plus 
air load on ribbon 
Ry = acoustical resistance of air load on ribbon, 
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M, incrtance of air in slot, including screens 

R, acoustical resistance of air in slot. including 
Screens 

Rp = acoustical resistance of acoustic line 

p; = front sound pressure 

Pp, = rear sound pressure 


The circuit applies to the frequency range above rib- 
bon resonance, where the acoustical capacitative re- 
actance of the ribbon is negligible. When the shutter 
fully uncovers the slot, the impedance of (M, + R;) 
becomes very smal] and short-circuits Rp. Then the 
circuit becomes that of a pressure-gradient (velocity) 
microphone. The quantity (py — pz) is the input pressure 
gradient. The acoustical circuit impedance is that of 
the ribbon plus air load and js inductive or mass con- 
trolled. This results in a constant volume current U in 
(Mz + R,), constant ribbon velocity versus frequency, 
and uniform ribbon output voltage (Sec. 2.1). The polar 
pattern is bidirectional or figure of eight. 

With the shutter fully closed, the impedance of 
(M, + R,) becomes very large, so p2 no longer drives 
the ribbon circuit. The acoustic line resistance Ry is 
large compared to the impedance of (Mp + R_), so the 
volume current U is given by 


(9) 


2 |" 


This means that the microphone is pressure responsive 
and has a nondirectional polar pattern. 
With the shutter set for cardioid pattern, part of the 


Ul 


I 


| 


Fig. 28. Condenser polydirectional microphone using two cardioid transducers back to back. (Adapted from Eargle [27].) 
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vobon Yoluine current © flows thiouret 4 : 

"through (M, + R,). Thus the ribbons p vdly cone Th 
by P; and the fine resistance R,, and is pressure ie- 
spoasive The balance of the 1ibbon volume current U 
flows through (M, + R,), so the transducer is partly 
velocity responsive. The shutter setting for a cardioid 
pattern is at a critical point where the phase shift through 
(M, + R,) is such that sound incident from 180° arrives 
at point ¥’’ somewhat delayed in time so as to match 
the phase of sound at p,. Thus U = 0, a null in response 
occurs at 180°, and a cardioid pattern is obtained. This 
‘is the principle by which all single-element unidirec- 
tional electrodynamic microphones operate. 

Three additional directional] patterns are detent se- 
lectable. The axial frequency response at the cardioid 
setting is reasonably flat from 30 to 15 000 Hz. The 
response at bidirectional setting slopes downward with 
frequency, whereas response at the nondirectional set- 
ting slopes upward. This is a limitation of the ribbon 
polydirectional microphone. 


AiBBON CLaMP 


SCREER ASSEMBLY, 


StBRO™ CL AMP 


RIBBON 
oa 


MIBAOM CLAMP 
BUSHING 


THUMB AUT 


THRUST 
WASHER 


Foun 
ACOUSTIC Line 
asSemacy 


REATTOR TRANSFORMER 


Switch 
THUMBMUT 
™ ne oe stuo 
comme NT 
a car NUT 
CUSNION ey 
MOUNTING 


a3SEMELY 


a faa Ribbon Microphone 


Phe “uniaxial” microphore (RCA type BK-5B) de- 
veluped by Olson {3, pp. 303-305] is shown in Fig. 
30. The operation is similar to that of the polydirectional 
ribbon microphone with unidirectional setting. The 
ribbon (Mp, Car) is positioned between the pole pieces 
of a magnet structure which develops about 11 000 G 
(11 Wb/m’) in the air gap. The lobes and screens (Mp), 
rapi, Mer, Tai) form a blast filter. The damped holes 
M), raz, Mrs, Taras) provide the principal phase shift 
elements for sound pressure pz. Sound pressure p, is 
the frontal incident sound pressure. p3; and associated 
elements forma third phase shift network which sharp- 
ens the polar pattern so that the 90° response is —8 dB 
instead of —6 dB as in a cardioid. Therefore the BK- 
5B has lower response to random sounds than a cardioid 
or a hypercardioid. 

The simplified acoustical network of Fig. 30 illustrates 
the principle of operation in the frequency range above 
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Fig 29. Ribbon poiydirectional microph-ue and acoustical nctwork (RC type 77-DX), 
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ribbon resonance. My ucdorg, ce the ribbon cer ee 
and air load resistance rap is the accustic:} resistance 
of damped pipe. Ry and M, arc the acoustical resistance 
and inertance of the damped holes. Thercfore the sim- 
phfied circuit is exactly the same as Fig. 30. and so 
the basic operating principle of the unidirectional ribbon 
microphone is the same as that of the polydirectional 
microphote in the unidirectional mode. 


3.3.3 Unidirectional Condenser Microphone 


The unidirectional condenser microphone is a rela- 
tively recent invention. An early patent is Olson’s 
“Directional Electrostatic Microphone” [8]. A modem 
high-quality microphone is described by Schulein and 
Seeler [11]. This is pictured in Fig. 31(a). It is a pre- 
polarized capsule where the electret is on the backplate. 
The construction of the diaphragm and back plate was 
described previously (Sec. 1.3.2). The unidirectional 
capsule back plate has holes which communicate through 
an acoustic resistance screen into the case volume 
(normally having a closed bottom end) and to the at- 
mosphere through resistance screens and rear entry 
ports. 

The operation of the microphone of Fig. 31(b) may 
be determined from a consideration of the simplified 
mechanical network. Mp and Cp are the mass and com- 
pliance of the diaphragm. R, is the resistance of the 
air film between diaphragm and back plate. R3 is the 
resistance of the screen which connects to the case 
volume C3. R; and M> represent the holes and screens 
at the rear sound entry. (This simplified network is 
from [8], whereas the microphone of [11] has a more 
complex network.) 

The velocity x of the diaphragm is given by 


xa PaO (10) 


mechanical impedance of vibrating system, 
mechanical ohms 

= force on diaphragm, newtons 

= transducer 

sound pressure, newtons per square meter 
= area of diaphragm, square meters 

= 2af 

frequency, hertz 


Ui 


and the displacement is given by 


iA (1) 
fq” 


The output voltage is given by Eq. (2). 

Thus for displacement (and output voltage) to be 
uniform with frequency, Zy, must be resistive. The re- 
sistance elements Ry, R2, and R3 are the controlling 
elements. 

The phase shift network R:, M2, R3, and Cy may take 
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@ Varicly of co. TguraQions, Sip Jar to the various net 
s~orks inbbon and dynenic microphones. The ep- 
cration of the phase shift network in a upidirecti nal 
cardioid was described in Sec. 3.3.]. 


3.3.4 Condenser Polydirectional Microphone 


Fig, 32 shows the microphone developed by Schoeps. 
It is physically symmetrical left to right. The diaphragm 
is centrally located between two back plates, which 
are perforated with holes. The mechanical assembly 
on the right slides left and right to provide three polar 
patterns. Note how the symmetry of the capsule favors 
a symmetrical figure-of-eight polar pattem. 

When the actuating finger moves to the left, the cavity 
behind the diaphragm is sealed and becomes very small. 
The result is an omnidirectional pressure microphone 
where the moving system is stiffness controlled (Sec. 
1.3). 

When the actuator moves right, the back of the dia- 
phragm is open to the atmosphere, and a figure-of- 
eight pattern results. For uniform amplitude of motion 
of the diaphragm, as in Sec. 3.3.3, the moving system 
i$ resistance controlled by the perforated back plates. 

When the actuator is centrally located, a phase shift 
network is formed, and rear entry ports provide the 
input to the phase shift network. A cardioid pattern 
results, and the moving system is resistance controlled. 


3.3.5 Moving-Coil Unidirectional Microphone 


Fig. 33 shows the mechanical cross section and the 
acoustica] network of the UNIDYNE* unidirectional 
microphone developed by Bauer in 1941. All unidi- 
rectiona] moving-coil microphones which have one rear 
sound entry location follow these operating principles. 
The resonance of M, and Cay, the diaphragm and coil 
assembly inertance and acoustical capacitance, is at 
the low end of the usable audio frequency range. De- 
pending on the application of the microphone, this may 
be anywhere from approximately 70 to 140 Hz. Similar 
to the printed ribbon transducer, the lowest attainable 
resonance is limited by the stiffness of the plastic film 
diaphragm material. 

The moving-coi] system is mass controlled above 
resonance, similar to the ribbon transducer. Therefore 
the difference in sound pressure between the two sides 
of the diaphragm must be proportional] to frequency so 
as to maintain a constant volume current and a constant 
diaphragm and coi] velocity throughout the useful audio 
frequency range. This is done by selection of the pa- 
rameter values of the phase shift network. Also. the 
network values must provide for the correct delay time 
versus frequency such that a null is maintained at 180° 
for a cardioid pattern. Alternately, the network values 
may be adjusted for a hypercardioid pattern. 


3.3.6 Variable-Distance Unidirectional 
Microphone 


Fig. 34 shows a sectional view and the acoustical 
network of the variable-distance unidirectional] micro- 
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yoone. The front to rear sound entey Jhaanee varies 


approximately inversely so" f qoenecy (3, pp. 305 - 
307], Seind pressure Py acis on the front of the dia- 
phragm. Pressures P., P3, and Py act on the back of 
the diaphragm through suitable acoustic impedance. 
P, acts in the high-frequency region, P3 at middle fre- 
quencies, and P, at low frequencies. The advantage 
of this design is that accentuation of low frequencies 
due to the proximity effect is reduced. Similar to the 
UNIDYNE, the moving system resonance is in the re- 
gion of 100 Hz and is mass controlled at higher fre- 


quencies. 


4 ULTRADIRECTIONAL MICROPHONES 


For the purpose of this paper, we define an ultradi- 
rectional microphone as one that has an energy response 
to random sound of less than 0.25, relative to an om- 
nidirectional microphone, over a major portion of its 
useful audio frequency range. According to [28], 0.25 
is the random energy efficiency of a hypercardioid, 
which represents the highest directivity obtainable with 
a first-order gradient microphone. This category in- 
cludes higher order pressure-gradient microphones and 
wave interference types of microphones. The appli- 
cations of ultradirectional microphones include long- 
distance pickup of sound in the presence of random 
noise and/or reverberant scund, or close talking in very 
high noise environments. 

It should be noted that, of the many types of ultra- 
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fee. 30) Unidirectional ribbon microphone (Adapted from 
Ufon |3. pp 303 305].) 
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s developed since 1938, only 
the Hine type microphone ae. ons ip common use today. 
Itemploys high sen-itivity condenser or moving-coil 
electrody namic transducers. 


Jal ie bop 


4.1 Higher Order Gradient Bidirectional 
Microphones 


First-order pressure-gradient bidirectional micro- 
phones were described in Sec. 2.1. The polar pattern 
of the first-order gradient microphone has a cosine- 
squared pattern. The power of the cosine is the order 
of the gradient. Fig. 35 shows a second-order bidirec- 
tional gradient microphone made up from two first- 
order bidirectional gradient units connected in phase 
opposition. The cosine-squared pattern of this micro- 
phone is shaded in Fig. 35. A family of cosine patterns 
is shown, beginning with order zero, which is the om- 
nidirectional pattern. 

The frequency response of a first-order gradient mi- 
crophone with a mass-controlled moving system is 
uniform above the resonance frequency. The response 
of a similarly constructed second-order gradient mi- 
crophone is proportional to frequency, that is, the re- 
sponse rises at 6 dB per octave. The response of a 
third-order gradient microphone rises at 12 dB per oc- 
tave, and so forth. The useful frequency response range 
of asecond-order microphone extends to the frequency 
where the spacing d equals one wavelength, as is dis- 
cussed in the next section. 

The applications for higher order bidirectional gra- 
dient microphones have been primarily limited to close- 
talking noise-canceling microphones. The random en- 
ergy response of a gradient bidirectional microphone 
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Fig. 34a), Unidirectional condenser microphone. (Courtesy 
of Shur Brothers, Inc.) (b) Simplified mechanical network. 
(From Olson [8]). 
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from this direction. 


180° 


a te ees 


Bidirectional 
a ini tere Si i om ¥ ‘C . 
__.{nsulator 
Spring 
Fixed electrode 
Acoustical 


Conductive membrane 4 ; 
(moving electrode) 


Perforated, fixed electrode Sd 
(acoustically transparent) ae ta 


|_| | 

two identical | |i 

sound intets to| 
{ 


ao 


Insulator —" We 34 


Varying air peassure can exert equal force on 
both surfaces of tha dinphragm, Any d!Ferance 
in pressure causes flo move. Sound ariving 
from fround the mambrane'’s radius will reach 
both sides of ft simultaneously; the microphone 
is insensitive to sound from these directions 
(Pressure gradient transducer) 


Translated by David Satz 


Fig. 32. Single-diaphragm polydirectional condenser microphone. (Courtesy of Posthorn Recordings/Schoeps). 
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Fig. 33. Front view, sectional view, and acoustical network 
of UNIDYNE unidirectional microphone. Inthe acoustic cir- 
cuit, M,, ray, and Cy; = inertance, acoustical resistance, 
and acoustical capacitance of diaphragm and suspension sys- 
tem; M, and raz = inertance and acoustical resistance of slit 
between voice coil and pole; Ca, = acoustical capacitance 
of air space between diaphragm and pole; M; and ra; = 
inertance and acoustical resistance of silk cloth; Ca; = 
acoustical capacitance of air space in magnet; p, = pressure 
at diaphragm; p; = pressure at voice coil. (From Olson (3, 
pp. 305 -307].) 
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Fig. 34. Sectional view and acoustical network of variable- 


distance microphone. p, = sound pressure on front of mi- 
crophone; p2, p3. and py = sound pressures acting at different 
parts on back of microphone; Mp = inertance due to mass 


of diaphragm; Cap = acoustical capacitance of diaphragm 
suspension system; Ca, = acoustical capacitance of volume 
back of diaphragm; rs, = acoustical resistance of shortest 
path: M,, Cas. and ras = inertance, acoustical capacitance, 
and acoustical resistance of diaphragm in circuit of medium 
path: M,, Mi, Cua. ran, and ras = inertances, acoustical ca- 
pacitance, and acoustical resistances involved in largest path; 
Ms. ray, and Ca, = imertance, acoustical resistance, and 
accestical capacitance ina side branch. (From Olson (3, pp. 
OS. 3071) 
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hy cqec oa sophes when the source of sound is 
aivatoy than a times a wavelength of sound from the 
microphone. An additional increase in discrimination 
aguinst unwanted noise from distant sources occurs 
when the sound source is very close to the microphone. 
This is because the low-frequency accentuation due to 
the proximity effect increases with the order number. 
Fig. 35 shows an example where the frequency responses 
of zero-, first-, and second-order microphones are 
compensated to be flat at a source distance of 0.75 in 
(19 mm). The graph shows the responses of these mi- 
crophones to random sounds at a distance from the 
microphone. Thus the noise discrimination of a second- 
order microphone, relative to a pressure microphone, 
exceeds 30 dB at 100 Hz. This permits speech com- 
munications in very-high-noise environments. In most 
noisy environments, however, the first-order gradient 
microphone ts satisfactory. Therefore higher order bi- 
directional gradient microphones are not in common 
use today. A novel second-order noise-canceling mi- 
crophone employing a single diaphragm is found in 
{29}. 


4.2 Higher Order Gradient Unidirectional 
Microphone 


The higher order bidirectional microphones described 
in the preceding section are undesirable for many ap- 
plications where a unidirectional microphone is more 
suitable. Fig. 36 shows that a second-order gradient 
unidirectional microphone can be made from two car- 
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Fig. 35. Characteristics of higher order gradient microphones 
(Fron: Olson [3, pp. 312- 328].) 
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Fig. 36. Operating principles of second-order gradient uni- 
directional microphone. (From |30].) 


oy froin tye oniasial ribbon microphones (Vig. 30). 
Horequired carcfolly matched clements and was costly 
to make. The audio output was rather Jow when it was 
used at a distance from the source, plus the tirsition 
1o cardioid polar paticrn above 2000 Hz turned aut to 
be a significant disudvantage compared to less costly 
line microphones with high-output dynamic er con- 
denser transducers. 

Beavers and Brown |33] recently developed a third- 
order gradient unidirectional microphone employing 
four condenser elements. The stated application was 
speech pickup. Woszczyk [28] reported experiments 
with spaced cardioid microphones where second-order 
unidirectionality was obtained to 200 Hz. The appli- 
calion was music recording. 


4.3 Line Microphone 


A simple line microphone is shown in Fig. 38. An 
acoustic Jine (pipe) with equally spaced sound openings 
along its entire length is connected to a pressure mi- 
crophone element. The transducer element may be of 
the electrostatic or electrodynamic varieties described 
previously. A high order of directivity is indicated by 
the frequency response curves in the mid- and high- 
frequency region where the 90° and 180° responses are 
far below the 0° curve. The low-frequency Jimit of the 
useful range of ultradirectional characteristics is given 
by [32] 
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Fig. 37. Second-order gradient unidirectional microphone (RCA type BK-10A). (From Olson [3, pp. 312-328].) 
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where 
f. = frequency, hertz 
© = Weloeity of sound, = 331 in’s 
L = total length of line. 


The high-frequency limit of the ultradirectional region 
is determined by the hole spacing dS: 


c * 


fy = 24S 


where dS is the hole spacing in meters. 

If f£. is chosen to be 100 Hz, then L must equal 65 
in (1.66 m), which is too long for most practical ap- 
plications. However, this requirement may be eased 
by substituting a pressure-gradient cardioid element. 
This provides good 180° rejection below f,, and with 
careful optimization of parameters, a microphone of 
practical length can have good rejection at 90°, well 
below f,. It is relatively easy to achieve f, = 10 000 
Hz or higher with practical hole spacings. 

Alternately, the line may consist of a bundle of small 
tubes of lengths which vary from dS to L in even steps 
of dS. Similarly, a single pipe with a series of slots 
may be used. With modern small-diaphragm condenser 
transducers, the single pipe is appropriate, because the 
diameters of the tubes in a bundle would be so small 
that the acoustic resistance (viscosity) loss would reduce 
sensitivity and roll off the high-frequency response. 

Olson [33], [34] developed many types of line mi- 
crophones in the late 1930s. These were generally 
complex, involving a lot of metal tubing. He obtained 
a variety of polar patterns, using pressure or pressure- 
gradient ribbon elements. His patents were voluminous. 
All modern line microphones utilize the technology 
developed by Olson prior to 1940, although they are 
much different in form and more suited to today’s ap- 
plications. At the time RCA introduced television at 
the 1939 World’s Fair, it was thought that a wide-fre- 
quency-range line microphone would be needed for 
long-distance pickup of voice or music. Olson developed 
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poore stich was 10 ft (3.05 m) long, employed 
five Tes ind fice ¢.bhon transducers covering contig- 
ueas freguency bands. It had sharp directivity down 
to 85 Hz. 

Yhe modern era in line microphones began in 196] 
when Olson [8] patented the single-diaphragm condenser 
unidirectional microphone. M. Rettinger of RCA in 
Burbank, CA, did the product design of the M1-10006A 
varidirectional microphone [Fig. 39{a)], which con- 
sisted of a bundle of plastic tubes attached to a cardioid 
condenser element based on Olson’s patent. The novelty 
of the design was that the microphone could be changed 
to a cardioid by removing the pipes. This microphone 
was used for a time in motion picture sound recording, 
but reportedly suffered from electric impulse noise. 

Concurrently, Electro-Voice introduced the model 
642 and 643 line microphone. Each used dynamic 
moving-coil cardioid transducers, which had large, 
heavy magnets and high sensitivity. The 642 employed 
a short line, only 12 in (0.3 m) Jong, whereas the 643 
was 6 ft (1.8 m) long. The 642 proved to be very popular 
for television and film recording and is still used today. 
The 643 was used for specialized applications such as 
presidential news conferences, but is little seen today. 
The f, of the 12-in (0.3 m) line is 552 Hz, but with the 
cardioid element plus low-frequency cutoff filters, the 
642 was satisfactory for voice pickup. 

Fig. 39(b) shows a modern electret condenser line 
microphone with a very-small-diameter line and a 
transducer capsule only 0.6 in (16 min) in diameter. 
The capsule and line are made as an assembly which 
is interchangeable with standard cardioid and pressure 
elements. Although f, is 420 Hz, 15-dB rejection is 
maintained at 90° down to 100 Hz, according to mea- 
surements by Sank [35]. The author has often used this 
microphone as a “direction finder”’ in outdoor studies 
where multiple sources are involved. The close spacing 
d§ of holes in the line results inf, = 32 600 Hz. 


4.4 Combination Line and Gradient Microphone 


Olson [3, p. 319], in reference to his second-order 
gradient uniaxial microphone, states: “Since operation 
shifts from the two microphones to the single micro- 
phone in the front in the high frequency region, it would 
be a comparatively simple task to develop a microphone 
with a sharper directivity pattern in the high-frequency 
tegion for use as the front microphone if this appeared 
to be desirable.” 

Fourteen years later, Kishi and colleagues patented 
a microphone [32] which had three elements instead 
of two as Olson suggested, but otherwise conformed 
to the idea of a second-order gradiént microphone with 
improved high-frequency directivity. Fig. 40 shows 
the principle of operation: a line microphone with a 
cardioid condenser capsule (Sec. 4.3) is combined with 
a second-order gradient unidirectional microphone 
having two cardioid condenser capsules. The line mi- 
crophone operates abo.c T0000 Hz. and the gradient 
microphone below 100u 117 The sensitivities of the 
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Fig. 39. Line microphones. (a) Bundled pipes (RCA type M1-10006A), varidirectional, air condenser. (b) Single pipe with 
holes (Nakamichi type CM700/CP703), electret condenser. 
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Fig. 40. Combination line and gradient microphone. (From [30].) 
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niasducers ave balanced by adjustments oy be it 
preamphfiers in the microphone. Therefore a nigh order 
of dire. tivity tp maintained over the entire aud'o-fre- 
quency range. This microphone was briefly connicr- 
cialized by Sony as model C-77 Telemicrophone. 


4.5 Parabolic Reflector Microphone 


A parabolic reflector may be used to concentrate dis- 
tant, parallel rays of sound at a microphone placed at 
the focus [Fig. 41(a)]. As in all wave-type microphones, 
the reflector must be large compared to a wavelength 
of sound to obtain a high order of directivity. Olson 
[3, pp. 312-328] shows the polar patterns of a dish 3 
ft (0.91 m) in diameter, fitted with a pressure micro- 
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Nn acoustic Jens is a boa-tebe device made of sheet 
metal which can focus sound rays onto a microphone 
similar to the parabolic reflector [Fig. 41(b)]. The di- 
rectivity follows the laws of wave-type microphones 
much the same as the parahola (3, pp. 312-328]. 


4.7 Large-Surface Microphone 


A large-surface microphone consisting of a large 
number of pressure microphone elements arranged on 
a spherical surface is shown in Fig. 41(c). Olson [3, 
pp. 312-328] indicates that the polar pattern is similar 
to that of a curved surface sound source, which emits 
uniformly over a solid angle subtended by the surface 
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Fig. 41. Wave microphones. (a) Parabolic refiector. ib) Lens (cvd args srface. (From Olson [3, pp. 312-328.) 
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at the cepict of Curvature Theomiesophoss in Fig. 41 (c) 
os 4 ft (1.22 m) om dizmeter and ) us an eneular spread 
of 80° The pattern is reasonably uniform ehove 3200 
Hz. 


5 MISCELLANEOUS TYPES OF MICROPHONES 
5.1, Stereophonic Condenser Microphone 


A two-channel microphone such as the one shown 
in Fig. 42 is a convenient tool for sound pickup in the 
x~-y or M-S stereophonic modes where coincident mi- 
crophone transducers are required. The AKG C-422 
utilizes two dual-diaphragm condenser transducers, 
which were described in Sec. 3.2.3. These are mounted 
on top of each other, and in adjacent capsules sharing 
a common axis, and the capsules may be rotated with 
respect to each other. A remote-control unit permits 
any one of nine polar pattems to be selected for each 
channel. 


5.2 Soundfield Microphone 


The original soundfield microphone was developed 
for the ‘‘tambisonic™ surround sound system patented 
by the United Kingdom National Research Corporation 
and was produced by Calrec Audio Limited. This system 
was a form of quadraphonic sound. As interest in quad 
sound waned, Calrec introduced a new version of the 
soundfield microphone (Fig. 43), which is essentially 
an electronically steerable stereophonic microphone. 
Four single-diaphragm cardioid condenser capsules are 
mounted in a tetrahedral array and connected to an 
electronic contro] unit. This unit permits selection of 
cardioid, figure-of-eight, and omnidirectional patterns 
for each stereo output. In addition, the sound pickup 
axes may be electronically steered in azimuth and e]- 
evation. By processing the pressure and pressure-gra- 
dient components of.the audio signal, the microphone 
may be apparently moved fore and aft as the ratio of 
direct to reverberent sound is varied. The electronic 
steering may be done before or after the audio is re- 


Fig. 42. Stereophonic condenser microphone (AKG-C422). 
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corded, ailowing flexibility in the postproduction phase 
of seind recording. 


5.3 Quadraphonic Microphone 


Fig. 44 shows two quadraphonic microphones de- 
veloped by Yamamoto [36]. The nbbon version CONSISTS 
of four ribbons mounted at right angles to each other. 
These are apparently backed up by acommon air volume 
and a common acoustic labyrinth which provides the 
resistive termination required for unidirectional polar 
patterns. Apparently this microphone was never con- 
structed. The condenser version was constructed ex- : 
perimentally and consists of four cardioid condenser | 
capsules, with pipes providing back-to-back acoustical 2 
communication between capsules. 

Both the ribbon and the condenser versions include . 
common air chambers behind the transducer elements. 
which essentially provides crosstalk between channels. 
The need for this feature is obscured by complea math- 
ematics. The frequency response measured by Yama- 
moto on the condenser version extends to only 8000, 
Hz. This performance, plus the waning interest in 
quadriphony may account for these microphones not, 
being commercialized. 


5.4 Two-Way Dynamic Unidirectional ! 
Microphone 


Fig. 45 shows the two-way dynamic unidirectional, 
microphone (AKG model D-202) developed by Wein~ 
gartner. His paper [37] describes a comprehensive study 
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Fig. 43. Soundfield microphone transducers (Calrec type MK 
IV). 
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ccophones. He concluded thet it would be divacult to 
manufacture a microphone with one transducer that 
would maintain uniform frequency response and polar 
pattern over the entire audio frequency range. His so- 
lution was to divide the range at S00 Hz and use separate 
dynarnic transducers for high and low frequencies. This 
resulting microphone has uniform frequency response 
und cardivid pattern from 30 to 15 000 Hz. According 
to the author, the performance is comparable to a con- 
denser microphone. The D-202 microphone is stil! in 


use today. 


5.5 Lavalier Microphone 


The term refers to a small microphone which is fas- 
tened to the clothing or suspended by a lanyard around 
the neck. Olson, Preston, and Bleazey [38] described 
the application of personal microphones. They showed 
that a microphone mounted on the chest should have 
arising high-frequency response to compensate for the 
loss in response due to its location off the axis of the 
mouth. The early models of lavalier microphones were 
omnidirectional dynamic microphones which were 
suspended by a lanyard. Newer models include om- 
nidirectional dynamic and electret microphones, which 
are small and light in weight, and are clipped to clothing. 
The microphone shown in Fig. 46(a) is one of several 
very small electret condenser models available today, 
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> 44. Quadraphonic microphones. (From Yamainote [36].) 
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“rome | 


“pumtaiie otmoent similar to that 

lqped by Kallion and Carlson {5}. Tris light enough 
iN Weight so that it may be fastened to the clothing by 
mears of a small clip attached to the cable below the 
microphane. The flat frequency response of this mi- 
crophone requires high-frequency equalization when 
used on the chest. 

Fig. 46(b) shows the RCA BK-12A dynamic moving- 
coil lavalier microphone, which was developed by the 
author. It has a 250-2 coil, requires no output trans- 
former, and is 0.75 in (19 mm) in diameter by 1.5 in 
(38 mm) long. It clips onto the clothing, and the fre- 
quency response is acoustically equalized for use on 
the chest. The transducer cartridge is similar to that 
shown in Fig. 10. The microphone is designed to with- 
stand a 6-ft (1.8-m) drop to a concrete floor, and is 
virtually dirt- and waterproof. 
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Fig. 45. Two-way dynamic unidirectional microphone. (From 
Weingartner [37].) 
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5.6 Wire os Nichopbve 


Fig. 47> shows a system aN kGA sods tayek 42) 
which uses a handheld micnsphone with a built-in 
transmitter. This unit transmits on a VHF boid to the 
receiver ilustrated. The receiver audio is fed to the 
sound reinforcement. broadcast, or recording mixing 
console. Altcurnately, a “body pack” transmitter may 
be used With an eJectret lavalier microphone similar to 
that shown in Fig. 46(a). These systems are widely 
used in television broadcasting and in professional en- 
tertainment applications. They are not as frequently 
used in schools and churches due to the high cost. 


5.7 Auto-Mixer Microphone 


These are special microphones to be used with au- 
tomatic mixing systems. Julstrom and Tichy [39] de- 
scribe an automatic mixing system involving multiple 
microphones, where a particular microphone is gated 
“on” only when a talker is positioned in front of the 
microphone within + 60° of the microphone axis. The 
microphones (Fig. 48) contain two cardioid electret 
condenser elements positioned back to back. The gating 
of the system is done by measuring the ratio of the 
outputs of front and rear elements. 

Fig. 48(a) shows one model of the microphone (Shure 
AMS-22) which contains two electret condenser ele- 
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Fig. 46. Lavalier microphones. (a) Electret condenser 
(Countryman Associates model ISOMAX 11-0). (b) Dynamic 
moving coil (RCA type BK-12A). 
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monts pleced very close to the table upon which the 
ndcropbune is placed. This follows the principle of the 
houndary microphone described in Sec. 1.3.4. Fre. 
48(b) shows @ more conventional style (Shure AMS- 
26), in which the two clements are conteined in the 
clongated screen scetion, 


5.8 Zoom Microphone 


Ishigaki et al. [40] describe a microphone intended 
for use with video cameras which has variable directivity 
(Fig. 49). The system has three unidirectional electret 
microphone units, and the polar pattern can be contin- 
uously varied from omnidirectional through cardioid 
to second-order gradient unidirectional. The directivity 
contro] is linked with the zoom lens control on the 
camera. The authors do not show a photograph or sketch 
of the experimental microphone. 


5.9 Noise-Canceling Microphone 


Fig. 50 shows a drawing of the Knowles BW-1789 
subminiature electret noise-canceling microphone ele- 
ment. This is similar in construction to the pressure- 
sensing microphone developed by Killion and Carlson 
|5], except that both sides of the diaphragm are open 
to the atmosphere, similar to a pressure-gradient velocity 
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Fig. 47. Wireless microphone system. (a) Vega hand-held 
transmitter Mode) T-87 and (b) diversity receiver Model 
R-42. 
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ephone, The el mauntin Pig. $0 fs avacndge ... 
must be mounted in housing for we on a beadlset. 

The graph shows the principle of ope. ation: the Far- 
field response to a distant sound source rises at 6 GB 
per octave because the displacement-sensing element 
is actuated by the pressure difference between the front 
and back sound openings, which rises with frequency. 
The near-field response, with a person speaking very 
close to the microphone, is uniform with frequency 
due to the proximity effect of a velocity microphone 
being additive to the far-field response curve. 

If the far-field sound sources are ambient noise, the 
noise-canceling effect is the difference between the 
near- and far-field curves. Therefore the noise-canceling 
microphone is most effective in canceling low-frequency 
noise, and is used in voice communications in com- 
mercial and military aircraft, spacecraft, land mobile, 
and marine applications. Dynamic moving-coil and 
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Fig. 48. Direction-sensing microphones. (a) Shure model 
AMS-22. (b) Shure model AMS-26. 
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Fig. 49. Zoom microphone. (Foo: 
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mers oe dd a thee silcrophie des, 
maby. 7 a trel condenser ts rapidly replacing many of 
ihese tacsducers. Carbon transducers were used in 
noise-conceling microphones, but are little used today. 
Styles of nvise-canceling microphones include hund- 
held and stand- mounted types in addition to the boom- 
mounted headset models. 


5.10 Conference Microphone 


Fig. 51(c) shows a teleconferencing microphone 
which was described by Snyder [41]. This microphone 
is currently being provided by Bell Telephone as part 
of their teleconferencing system. The microphone is 
placed at the center of a conference table and is claimed 
to provide uniform pickup of speech from all partici- 
pants, while rejecting reverberant sound and noise. 
The microphone consists of a vertical array of omni- 
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Fig. 50. Noise-canceling microphone element (Knowles 
Electronics model BW-1789). Dimensions in millimeters 
(inches). Nominal weight 0.28 gram. 
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ths suki et al. [40].) 


NN cE A I steer tne 


directional clechet condensereh ane wv hich | zm 
a 360° toroidal shaped pickup pattern with moxguis 
scnsitivity in the plane of the tdkers*’ riouths. The 
uneven spacing of the clements provides better rejection 
of sounds at 90° to the plane of maximum sensitivity. 

Olson [33] describes a line microphone with a ribbon 
pressure element which has maximum sensitivity at 
right angleS-to the line axis and a toroidal pattern as 
shown in’Fig. S1{a) and (b). This line microphone is 
equivalent to a vertical array of pressure microphones, 
and so the theory developed by Olson applies to the 
teleconferencing microphone. 


5.11 Hot-Wire Microphone 


The hot-wire microphone (Fig. 52) consists of a fine 
wire which is heated by direct current and cooled by 
the alternating air flow of a sound wave. This causes 
a change in the electric resistance of the wire. The 
output waveform is twice the frequency of the sound 
wave hecause the wire is cooled by positive and negative 
particle velocities. Therefore according to Olson [3, 
pp. 329-331], it cannot be used for the reproduction 
of sound, 


8412 Throé. Mii owphone 


The throat microphone is pictured in Fig. $3 and 
described by Olson [3]. The carbon transducer is directly 
driven by contact with the throat. The acoustical 
impedance of the vibrating system is higher than fora 
microphone that is used in air, because of the high 
acoustical impedance of the flesh of the throat. The 
high-frequency response of the microphone must be 
boosted to compensate for loss of high-frequency con- 
sonants in passing through the throat. Other kinds of 
transducers may be used. The throat microphone was 
used in military aircraft in World War II, but is now 
obsolete. 


5.13 Ear Microphone 


The ear microphone pictured in Fig. 54 was intro- 
duced a few years ago by Lear-Siegler for radio com- 
munications applications where the hands remain free. 
It is simply a magnetic earphone transducer used in 
reverse. The voice sound present in the ear canal is 
missing much of the high-frequency consonant sounds, 
so high-frequency boost in the amplifying system is 
required. The author heard a demonstration of a system, 
and speech was quite intelligible. An additional novelty 
of the system is that the transducer is used as an earphone 
as well, thus providing two-way communications. 


5.14 Tooth Microphone 
This was developed by Brouns [42] for providing 


ms 


Fig. 51. Conference microphone. (a) Ribbon/line type, Olson, 1939. (From Olson [33].) (b) Three-dimensional polar pattern 


of (a) atL = 2d. (c) Teleconference microphone. 
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improved imal ctetay ef peevh from dec, 

whoure brearbing bel. Tf consists of age. Oe ce 
accelerometer which t: fast-ned to a tooth (fig 95). 
The author indicates that the microphone produses in- 
telligible speech but reports considerable difficulty in 
having a wire protrude from the mouth, He recommends 
some form of telemetry to eliminate the hard wiring. 
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Fig. 52. Hot-wire micraphone. (From Olson [3, pp. 329- 
331).) 


Fig. 53. Throat microphone. (From Olson [3, pp. 329-331].) 
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Fig. 54. Ear microphone. (Courtesy of Centurion Intern. 
tional) 
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Fig. 55. Tooth microphone. (From Brouns [42].) 
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